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Dispatches
Cryptochromes (CRY1/CRY2) and the Period proteins (PER1/PER2/PER3) (reviewed in [1] ). The activators regulate the repressors, which are translated, form a complex with several kinases (e.g. CSNK1E, GSK3B, DYRK), and then, with a delay, enter the nucleus to repress the activators. This process oscillates with a 24 h period, producing the 'ticking' of the clock. Since the early 1990s, this molecular clock has been understood to keep time in specialized neurons in animals. In 1998, researchers discovered that the mechanism is common to nearly every cell in the body (e.g. fibroblasts [2] ) and, more recently, that it regulates nearly half the genes in the mammalian genome [3] . These tissue-specific molecular rhythms manifest in organ-and systemslevel rhythms in physiology and behavior -everything from metabolic control to wound healing to cognitive performance. While clocks exist in most, if not all, cells in the body, the suprachiasmatic nuclei (SCN) of the hypothalamus harbor the 'master' clock [4] . The SCN is often described as the 20,000 neurons required for biological rhythms -if you ablate them and associated tissue, daily locomotor activity becomes arrhythmic in rodents (new human parents are familiar with this disturbed activity pattern -chin up, it's temporary). The SCN is also entrained by light. Because biological clocks are inherently imprecise, they need to be reset. The SCN receives light input from the eyes through the retinohypothalamic tract, adjusting each day to anticipate the next light-dark cycle. Then, through neuronal connections, humoral factors, and by regulating behavior, the SCN synchronizes other clocks in the central nervous system and periphery, orchestrating rhythms throughout the body. An unspoken tenet in the circadian field is that SCN neurons do the lion's share of this work -this has been borne out by genetics studies focused on this very issue and discussed below. A series of recent studies, however, challenge this view by demonstrating important roles for astrocytes in shaping molecular and behavioral rhythms [5] [6] [7] .
Astrocytes make up about one-third of all glial cells in the brain [8] . Like other glial cells, they are often thought of as playing the supporting role for neuronsproviding energy and other nutrients, helping form the blood-brain barrier, repairing the nervous system, and clearing ions and neurotransmitters during neurotransmission [8] . While well established as regulators of synaptogenesis in development, astrocytes are increasingly recognized as being active in 'gliotransmission' in adult brain circuitry, with roles in epilepsy, neurodegenerative diseases, and other CNS diseases [9] . Beyond pathology, astrocytes have been shown to modulate behavior, including learning and memory (reviewed in [10] ), furthering the notion that these cells offer more than passive support. Astrocytes can respond to stimuli through Ca 2+ -dependent glutamate release, and were recently shown to regulate cortical sleep circuitry by this mechanism [11] . Like nearly all studied mammalian cells, astrocytes have a functional circadian clock that drives rhythms in gene expression and ATP release in the cortex [12] . Yet little is known about if and how the astrocyte clock contributes to the master circadian pacemaker and daily rhythms in sleep and wakefulness.
To investigate the contributions of the astrocyte clock to the circadian network, Tso et al. reported in a recent issue of Current Biology the generation of astrocyte-specific, circadian reporter mice, which they accomplished by combining the astrocyte-specific Aldh1l1 promoter driving CRE recombinase with a real-time reporter gene driven by the Bmal1 promoter. They went on to show that astrocyte clocks are synchronous in SCN slices, a finding consistent with earlier studies showing rhythms in ATP release in astrocytes and PER levels in Drosophila glial cells [12, 13] . In SCN neurons, it is known that molecular rhythms underlie electrophysiological rhythms [14] , and in a separate study appearing in Neuron live-imaging from SCN slices was performed by Brancaccio et al. to demonstrate that astrocytes also have robust rhythms in their activity as evidenced by intracellular calcium [6] . Furthermore, whereas SCN neurons were active during the circadian day, SCN astrocytes were active during circadian night, when mice are active [6] . These findings raise the likelihood that astrocytes are part of the circadian circuit that regulates daily behaviors. Tso et al.
showed that astrocytes expressing the AldH1l1 promoter make up only 10% of mouse SCN cells, similar in number to the approximately 1,500 SCN neurons expressing vasoactive intestinal polypeptide (VIP), which are critical for synchronizing SCN cells to each other and coordinating daily rhythms in behavior [15] .
Using Tau produced 4.0 h and 1.5 h delays when knocked out in homozygous or heterozygous astrocytes, respectively. These phenotypes, which were comparable to those from pan-SCN neuronal deletion achieved by synapsinmediated Cre expression in neurons [6] , strengthen the case for astrocytes as potent regulators of molecular and behavioral rhythms. Not only are the astrocytes embedded in the clock circuit, they are major determinants of its period length.
By convention, SCN pacemaking is a product of inter-neuronal circuitry. The behavioral results from these three recent studies, however, imply the importance of astrocyte-neuron interactions. While clock function in SCN neurons is required for behavioral rhythmicity, on its own it is not sufficient to produce normal circadian rhythms. Conversely, while astrocyte clocks contribute to regulation of period length in SCN function, including behavior, they are not strictly required for rhythmicity. In a demonstration of functional gliotransmission in the SCN, Brancaccio et al. show that astrocytes release glutamate rhythmically and that blocking this release or uptake by dorsal SCN neurons suppressed and desynchronized circadian oscillations. Nearly all SCN neurons express the major inhibitory neurotransmitter GABA [18] . The finding that high levels of astrocytic glutamate at night-time drive circuit-wide neuronal inhibition via pre-synaptic activation of GABAergic neurons is generally consistent with observations from Barca-Mayo et al.
showing that GABAA receptors mediate astrocyte to neuron communication, albeit in cortical co-culture in an in vitro system. The latter study, however, suggests a mechanism by which astrocytes themselves (via transporter uptake) soak up extracellular GABA. Whether direct or indirect, astrocytically mediated GABA inhibition seems to be a key mechanism for 24 h rhythms.
The dorsalSCN is a key locus for timekeeping under constant conditions. In light of the recent work, this likely derives from its ability to sense sustained local oscillations of glutamate from astrocytes. This of course raises the question: do astrocytes regulate responses to extrinsic inputs as well? For example, does gliotransmission play a functional role in the ventral SCN, a zone associated with light entrainment by way of retinal input? Indeed Tso et al. show that altered astrocyte clocks effect broad ensemble responses (Bmal:Luc rhythms) across SCN slices. And consistent with a glial role in SCN photic responses, mice with a mutation in the astrocyte-specific protein GFAP have altered behavioral rhythms in constant light but not in light-dark cycles [19] . Further, what role, if any, do astrocytes play in extra-SCN brain clocks (e.g., cerebellum, brainstem, hippocampus)? Bmal1-deleted astrocytes affect the oscillations of clock genes in (non-SCN) cortical neurons [7] , implying broad CNS relevance. Per usual, the master pacemaker gets all the glory, but given that the human brain houses 900 billion glial cells, it may be time to look at astrocytes in other CNS clocks. After all, astro is Greek for star.
Maybe just as importantly, these three new studies above apply genetic tools to visualize and edit the astrocyte molecular oscillator with unprecedented precision. While pan-tissue reporters of clock function have been critical to our understanding of circadian rhythms in the SCN and elsewhere [20] , a major limitation is their inability to ascribe functionally significant rhythms to specific cell types. By combining intersectional approaches and different imaging modes Brancaccio et al. have revealed the antiphasic nature of neuronal and astrocytic clocks in the SCN. Something akin to this technical ability has existed in simpler model organisms (e.g., GAL-4:UAS system in flies) but debuts in the mammalian clock here. Two successful applications of the CRISPR-Cas9 system in an SCN-and cell-type-specific fashion [5] will all but certainly add to the common refrain of 'just CRISPR it' (grad students and postdocs, insert groan here). And though that will undoubtedly be far more complicated than it sounds, it has enormous potential for disentangling the many mysteries of cell-type-specific clock (and other) genes. Move over neurobiology -astrobiology is dawning.
